The exchange bias of the soft ferromagnet mu-metal, Ni 77 Fe 14 Cu 5 Mo 4 , with the metallic antiferromagnet Fe 50 Mn 50 has been studied as a function of ferromagnet thickness and buffer layer material. Mu-metal exhibits classic exchange bias behavior: the exchange bias (H EB ) and coercive fields scale inversely with the ferromagnet's thickness, with H EB varying as the cosine of the in-plane applied field angle. While the exchange bias, coercivity, and exchange energy are greatest when the buffer layer material is (111) oriented Cu, amorphous Ta buffers allow the mu-metal to retain more of its soft magnetic character. The ability to preserve soft ferromagnetic behavior in an exchange biased heterostructure may be useful for low field sensing and other device applications.
INTRODUCTION
Exchange bias is a phenomenon related to the interfacial exchange interaction between two ordered magnetic materials [1, 2] . Observed primarily in structures composed of ferromagnet/antiferromagnet (FM/AF) interfaces (e.g., thin film heterostructures and nanoparticles), exchange bias manifests itself as a unidirectional magnetic anisotropy that shifts the hysteresis loop along the field axis by some amount known as the exchange bias, H EB . The ferromagnet has a unique magnetization at zero field when H EB exceeds the saturation field, which allows simple FM/AF bilayers to serve as a magnetic reference for spintronics devices [3] . In fact, there are many potential applications of exchange bias because H EB is a function of many experimentally controllable parameters, including, but not limited to: ferromagnet and antiferromagnet thickness; temperature; interfacial structure and roughness; and grain size [4] .
In this work, we focus on inducing exchange bias in Ni 77 Fe 14 Cu 5 Mo 4 , which is sometimes referred to as mu-metal or conetic. A member of the Permalloy family, this material has large permeability and saturation magnetization, and offers nearly zero magnetostriction and nearly zero magnetocrystalline anisotropy [5, 6] . Introducing a unidirectional anisotropy via exchange bias in soft magnetic materials could be a useful for introducing additional control over phenomena and sensors such as giant magneto-impedance (GMI) [7] . Bulk mu-metal has been shown to have a large GMI ratio (300%) and a correspondingly high sensitivity (20%/Oe) [8, 9] , but its exchange bias properties have not been reported. Another potential area for impact is exchange spring system that combine materials with perpendicular magnetic anisotropy with soft ferromagnet layers with in plane anisotropy. This leads to structures whose magnetization has an out of plane tilt angle that is tunable by the thickness of the soft ferromagnet [10] . Such structures are being explored for spin transfer torque devices [11] . 
MATERIALS AND METHODS
We investigated how the magnetic properties of three sets of Ni 77 Fe 14 Cu 5 Mo 4 /Fe 50 Mn 50 (NiFeCuMo/FeMn) depend on NiFeCuMo thickness and substrate/buffer layer materials.
We used Ta and Cu as buffer layers, with both grown on the native oxide of Si (100) wafers, with Cu additionally grown onto a 140 nm thermal oxidize on Si (100). Specifically, the Cubuffered set had the structure Cu(300Å)/NiFeCuMo(90-300Å)/FeMn(150Å)/Ta(50Å), and were grown simultaneously on the two substrates. The Ta-buffered set had the structure Ta(50Å)/NiFeCuMo(60-400Å)/FeMn(150Å), and were uncapped. The FeMn thickness of 150Å was chosen so that the Blocking temperature of ∼400 K was independent of the antiferromagnet's thickness [4] . The substrates were ultrasonically cleaned in acetone and methanol for 5 minutes each, blown dry with nitrogen gas, then inserting into the load lock.
The samples were grown at ambient temperature in 3 mTorr of ultra high purity Ar in a magnetron sputtering system with a base pressure of 20 nTorr. The compositions noted were those of the sputtering targets. All targets were presputtered for 10 minutes prior to deposition. The sample holder was continually rotated during deposition, and the gun angle has been optimized to obtain deposition rates with variations less than 0.4% over the entire 75 mm substrate holding plate. 
RESULTS AND DISCUSSION
X-ray diffraction confirms that both varieties of buffer induced (111) texturing in each sample variety. The (111) orientation is specifically of interest because it is known to yield the largest exchange bias when using FeMn as the antiferromagnet [12] . Each sample shows without an applied growth field [13] . X-ray reflectivity was used to confirm that the deposition rate was independent of the magnetic field used during deposition. As shown in Fig 2(a) , the sample deposited in zero field shows quite isotropic magnetic behavior, with no significant difference in hysteresis loop shape for the magnetization measured along two orthogonal directions; no measurable difference in M-H behavior was observed for any in-plane angle.
In contrast, the field-grown sample has developed a uniaxial magnetic anisotropy, with the easy axis corresponding to the direction of the deposition field. The coercivity is slightly enhanced along the easy axis, while the hard axis coercivity is not measurably changed relative to the sample deposited in zero field. The saturation fields are in line with previous results on NiFeCuMo thin films [5, 6] . These samples have no antiferromagnetic layer, and accordingly exhibit no exchange bias.
Relative to the control samples, a clear exchange bias develops when FeMn is deposited in a field onto the NiFeCuMo. 
